There are many communication circuits driven by multitone signals such as modulator and mixer. If the input frequency components are largely different in each other, the brute force numerical method will take an enormous computation time to get the steady-state responses. In this paper, we show a SPICE oriented algorithm based on multi-dimensional Fourier transformation, where all of the circuit analyses such as dc-and ac-analysis in the algorithm are carried out with SPICE. On the other hand, a very simple sensitivity analysis and 2-dimensional FFT are carried out by a Fortran program (or C program). We found that the convergence ratio of our algorithm is sufficiently large, and can be applied to wide class of communication circuits.
INTRODUCTION
Many communication circuits, such as modulators, mixers and frequency converters, are driven by multi-tone signals. There are 2 basic approaches for the computation of the steady-state responses: (1) frequency-domain approach [l-21 and (2) timedomain approach [3-41. The former can be applied only to weakly nonlinear circuits, because the scale of determining equations becomes very large for strongly nonlinear circuits. The latter is based on numerical integration techniques, that can be efficiently applied to circuits having a few number of the state variables.
Generally, modulators and mixers are driven by two input signals, namely,the high frequency carrier and the low frequency modulating signal. In this case, if we use a brute force method (transient analysis) for getting the steady-state response, it will take an enormous computational time, because the step size must be chosen sufficiently small depending on the carrier signal. Consider an example such that a ratio of the two input frequencies is f 2 / f 1 = 1000. If the step size is chosen h = TZ/100 for T2 = l/f2, it will take 1000 x 100 numerical integrations for only one period (2' 1 = l/fi).
0-7803-4455-3/98/%10.00 0 1998 lEEE A new SPICE oriented method is presented in this paper which is based on both %dimensional Fourier transformation and frequency-domain relaxation methods. Assume that a given circuit is composed of nonlinear resistive sub-networks and reactive elements such as capacitors and inductors. At first, using the substitution sources, the circuit is partitioned into two groups, namely, the nonlinear resistive subnetworks and the reactive elements. The substitution waveforms are described by 2-dimensional Fourier expansions, and the coefficients are calculated by the relaxation method.
We have developed a very simple simulator consisting of SPICE and a Fortran program, where all of the circuit analysis are implemented by SPICE. On the other hand, very simple sensitivity analysis and 2-dimensional FFT are carried out by the Fortran program.
BASIC APPROACH
To focus on the main idea of our relaxation method, consider a circuit as shown in Fig.l(a) l. Now, assume the two inputs e ( t ) and j ( t ) contain two independent frequency components w1 and w2.
Then, the substitution sources at the partitioning point
lGenerally, integrated circuits are composed of capacitors and resistive elements such as transistors and diodes. If in this case, it contains large capacitances, the transient response will continue for a large period, and it take long computation time to get the steady-state by the brute force method. Therefore, we partitioned the circuit into two groups containing nonlinear resistive circuit and reactive elements respectively, as shown in Fig.l for some sufficiently large B.
Assuming that the original circuit in Fig.l (a) has a unique steady-state solution described by ( l ) , then wc(t) and i~( t ) satisfies the following determining equation:
Now, assume the nonlinear capacitor and inductor are described by Then, we have Let us calculate the steady-state response using an iteration technique. Assume the solution at the j t h iteration is given by
To evaluate the solution at the ( j + 1)th iteration, put ~$+'(t) = v$(t) + A~c ( t ) , i;+'(t) = ijL(t) + A i~( t ) (6) where the variations Awc(t) and A i~( t )
are described by Awc(t) = Avc,c~+C {AVc,ak-1 CosVkt + AVc,ak sin Vkt}
from (6) into (2), and neglecting the higher-order terms of Awc(t) and A i~( t ) in the Taylor expansion of nonlinear terms, we obtain F~(w& + Awc,ijL + AZL) = icl(~&+',i;'') + i c 2 (~& +~) Now, define the residual sources as follows:
Since the relation (8) for a large T and a small E , then we need to increase the Fourier terms M in (1).
Note that the nonlinear resistive network in Fig.l(a) may have small parasitic capacitors. If they cannot be neglected at the high frequency, we need to take account of the nonlinear capacitors in Fig. l(a) . Thus, the computer efficiency of the algorithm will be decreased according to the number of nonlinear capacitors. In our many examples, we recommend to partition a circuit into subcircuits at only coupling capacitors, whose capacitors voltages are considered as substition voltage sources in Fig.l(b) .
Next, choose sufficiently small stopping conditions 6 and E in (12) and (13) 
vc(t), i i ( t ) )
by dc-analysis of SPICE. In this case, 2-dimensional FFT can be carried out by the application of the onedimensional FFT to the w1 -components and w2-components, separately [7] . Thus, we have 2-dimensional Fourier expansions of i i l ( t ) and vil@).
3. Calculate the responses of nonlinear reactive elements, and describe them by the 2-dimensional
Fourier expansions of ih2(t) and vi2(t). Note that if the reactive elements are linear, we need not apply 2-dimensional FFT.
4. Estimate &t) and <(t) given by (9). Thus, the relation (11) can be easily solved by the phasor technique, and get A v c ( t ) and AiL(t). If 11 AV; 11 + 11 AI; It< 6 , go to 5.
Otherwise, set vjCf'(t) = vL(t) + Avc and i;+'(t) = i i ( t ) + AZL, and j = j + 1. Go to Step 1.
5. Estimate 11 $(t) 11 in (13). If 11 $(t) [I< E , stop.
Otherwise, increase B in (1.4) and go to Step 0.
We have carried out the algorithm with IBM PC loading PSPICE of MicroSim co.
SPICE IMPLEMENTATION 4. AN ILLUSTRATIVE EXAMPLE
Nowaday, SPICE is widely used for many circuit simulation purposes such as dc-analysis, ac-analysis, transient analysis and so on. Our simulator is implemented by acand dc-analysis of SPICE, and a very simple Fortran program (or C-program).
Implementation algorithm
0. A given circuit is partitioned into nonlinear resistive circuits and reactive elements with substitution sources. Considering the amplitudes of the signal and carrier inputs [7] , set the highest harmonic M in (1).
Consider a mixer circuit shown by Fig.Z(a) . It has two inputs of e l ( t ) = 0.01sin27~
We partition the circuit at the two capacitors C1 and C2, because they are considered as sufficiently large compared to the parasitic capacitances in the transistors. We assume the waveforms as follows:
VI-284
vi(t> = V E ,~ + C {K,kn,el cos(kwl+ n~) t k=l n=l +K,kn,c2 cos(kwi -n w 2 ) t + K,kn,ls sin(kw1 + inw2)t +K,kn,as sin(kw1 -n w z ) t } , i = 1,2 We found that V$o = V2oc0 = 2.388 [V] by the dc-analysis of SPICE. The steady-state response can be obtained in 3 iterations of our algorithm. Note that if we apply a brute force method, it will take an enormous computation time because the relative frequency difference of two inputs is very small, and the response contains a very low frequency of 1MHz.
Conclusions and Remarks
In this paper, we have presented that 2-dimensional Fourier transformation can be efficiently applied to calculate the steady-state response driven by 2-frequency input signals such as modulators and mixers. 
